ABSTRACT: Several lines of evidence suggest that formula with protein content of 3.0 g/100 kcal does not fully meet the protein needs of very-low-birth weight infants. Our purpose was to compare nitrogen balance, metabolic status and growth in infants fed a standard (3.0 g/100 kcal; RegPro) and high (3.6 g/100 kcal; HiPro) protein infant formula. Infants were fed both formulas, each formula for one week in balanced cross-over design. Metabolic status was monitored throughout. Nutrient balance and plasma amino acids were determined at the end of each week. Data were analysed using a linear mixed model. Eighteen infants were studied. Nine infants received the RegPro and nine received HiPro formula first. Nitrogen intake, absorption and retention were greater with the HiPro formula. None of the infants developed uremia or metabolic acidosis but retinol-binding-protein and weight gain were greater with the HiPro formula. Increased protein accretion paralleled by better weight gain without evidence of metabolic stress indicates that a formula with a protein content of 3.6 g/100 kcal better meets protein needs in these rapidly-growing infants. Further studies are needed to determine whether these short-term outcomes will be translated into long-term benefits. T here is compelling evidence that premature infants frequently do not receive protein intakes that meet their needs (1,2). In the case of formula-fed infants, one critical reason is that pre-term formulas contain too little protein. The protein needs of premature infants are reasonably well established based on the factorial method and experimental data. By one estimate, protein requirements are 4.0 g/kg/d for infants weighing less than 1200 g, decreasing to 3.9 g/kg/d for infants weighing 1200 -1500 g (3). Expressed per unit of energy, the requirements for protein are 3.8 g/100 kcal for infants weighing 500 -700 g, decreasing gradually to 3.1 g/100 kcal for infants weighing 1200 -1500 g (3).
T here is compelling evidence that premature infants frequently do not receive protein intakes that meet their needs (1, 2) . In the case of formula-fed infants, one critical reason is that pre-term formulas contain too little protein. The protein needs of premature infants are reasonably well established based on the factorial method and experimental data. By one estimate, protein requirements are 4.0 g/kg/d for infants weighing less than 1200 g, decreasing to 3.9 g/kg/d for infants weighing 1200 -1500 g (3) . Expressed per unit of energy, the requirements for protein are 3.8 g/100 kcal for infants weighing 500 -700 g, decreasing gradually to 3.1 g/100 kcal for infants weighing 1200 -1500 g (3) .
A formula that provides 3.0 g/100 kcal, therefore, cannot provide an adequate intake of protein. If needs of these infants are to be met, a formula must provide more than 3.0 g/100 kcal. We, therefore, hypothesized that a formula with a protein concentration of 3.6 g/100 kcal would lead to greater nitrogen retention and greater short term weight gain than a formula with a protein concentration of 3.0 g/100 kcal. The present study was designed to test this hypothesis.
METHODS AND PROCEDURES
Study design. The study design was based on a previous study in pre-term infants and is outlined in Table 1 (4) . It comprised of 2 one-week comparison periods during which each formula was fed. It was conducted in a double blind fashion, with the sequence of formula feeding randomly determined and balanced. Immediately before the first study formula was fed, baseline (anthropometric, metabolic) determinations were made. After a minimum equilibration period of 72 h, anthropometric and metabolic determinations were repeated and the first metabolic balance study was begun. At the end of the first balance period the anthropometric and metabolic determinations were again obtained. The second study formula was then fed and the process repeated. When the second balance was completed, final anthropometric and metabolic determinations were again obtained and the study ended.
Studies were performed at the Royal Victoria Infirmary, Newcastle upon Tyne, UK and at Service Universitaire de Neonatologie Liege, Liege, Belgium. The study was approved by the Ethics Committees at each study site. Written informed consent was obtained from the infant's parent(s), who were given a written outline of the study.
Each of the two metabolic balance periods lasted 48 h. Carmine red was used to mark the beginning and end of the stool collection period. During the balance periods formula intake was 135 mL/kg/d or more. Blood was obtained immediately before the first study formula was started and again at the beginning and end of each balance period. Weight was measured at the beginning of the study and at the beginning and end of each balance period.
Sample size. Nitrogen retention was the primary outcome. Assuming a difference of 30 mg/kg/d, a SD of 20 mg/kg/d for balances in the same infant, a power of 0.80 and a p Ͻ 0.05, 10 infants were required to detect such a difference. Allowing for center-to-center variation, 18 infants were deemed necessary to complete the study.
Subjects. Pre-term infants with birth weights Յ 1500 g and gestational ages Յ 32 wk were eligible if they were clinically stable and received feeding volumes of at least 130 mL/kg/d and had not received postnatal steroids or diuretics. Infants requiring oxygen were considered eligible only if oxygen therapy was discontinued by the time the first balance study was due.
Study formulas. The composition of the formulas is presented in Table 2 . The formulas differed primarily with respect to their concentration of protein (3.0 v 3.6 g/100 kcal). In both formulas, protein was provided by fully hydrolyzed bovine whey protein. The hydrolyzed protein was chosen because it has been associated with better feeding tolerance, an important consideration in these infants (5) . There were small differences in the total amount of carbohydrate and in the proportion provided by lactose. There were also some differences in sodium (1.8 v 2.8 mmol), chloride (1.8 v 2.7 mmol) and vitamin A (350 v 500 IU/100 kcal). The amino acid content of the formulas is presented in Table 3 . The higher protein concentration of Formula HiPro was reflected in proportionately higher amino acid concentrations.
Procedures. During the first balance study, infants were generally fed by continuous nasogastric infusion and volume of intake was maintained at 135-150 mL/kg/d. During the second balance, some infants were fed by continuous infusion and intake maintained at 135-150 mL/kg/d. Others were fed to appetite when intake exceeded 150 mL/kg/d.
During the balance collections, care of the study infant was provided by nurses responsible only for the study infant. These nurses were specially trained in the care of the pre-term infant and the performance of nutrient balance collections. The overall care of the infants was under the direction of the responsible physician. All regular nursing procedures were performed as clinically indicated.
The frequency of blood sampling was also based on our previous study (4) . Blood urea, blood pH, and base excess were determined in all blood samples to monitor for the development of uremia or metabolic acidosis. Neither occurred and values obtained at the end of each balance period were analysed for differences between the HiPro and RegPro formulas. Total serum proteins, albumin, retinol binding protein (RBP), serum transferrin and plasma amino acids (PAA) were measured at the end of each balance collection.
Venous blood sampling was performed in the morning at the end of a feeding cycle (continuous feeds) or immediately before a feed (bolus feeds). Blood gas analysis was performed immediately. Heparinised plasma was separated immediately and used for urea, total protein and albumin determination or stored at -30°C for later RBP, transferrin and PAA determination.
Methods. Nutrient balance collections were performed as previously described (6) . Bottles of formula were weighed before and after each feed; differences in weights were calculated to determine formula intake. Spillage was collected on preweighed diapers placed around the infant; differences in weight between the clean and 'soiled' diapers indicated losses which were subtracted from measured intake.
Urine and stool (girls) and stool (boys) were collected in Pyrex dishes placed underneath the infants. Urine in boys was collected via a urine collection bag. Urine, feces and formula were analyzed for nutrient content at the Samuel J. Fomon Infant Nutrition Unit, University of Iowa, as described previously (7) and Service Universitaire de Neonatologie Liege, Belgium. Briefly, nitrogen was determined by micro-Kjeldahl digestion followed by a modified micro-diffusion analysis (8) . Formula and feces were ashed at 525°o vernight and ashes dissolved in dilute hydrochloric acid. Calcium, magnesium, copper and zinc content of ashes and urine was determined by atomic absorption spectrophotometry (Perkin-Elmer A Analyst Model 100, Norwalk, CT 06859). Phosphorus was determined by the phosphomolybdate method described by Leloir and Cardini (9) . Fat in feces was determined by a modification of the method of Van de Kamer et al. (10) .
Volume of intake was calculated by dividing differences in weight by the specific gravity of the formula. Nutrient intake was calculated from the volume fed and content of the formula. Stool excretion was calculated from the weight and content of the stool, urine excretion from the volume and content of the urine. Absorption was calculated by subtracting fecal excretion from from intake, retention by subtracting urinary excretion from absorption.
Anthropometry was performed as previously described (6) . Weight gain, expressed in g/d, was calculated from the difference in weights determined at the beginning and end of each study period, 7 d in all but three infants. In one infant, the study period was 6 d. In the other two infants, the study period was 13 d because the balance collection was delayed due to technical difficulties. No differences were detected between the main study group and these three infants. Weight gain is also expressed in fractional terms (g/kg/d), calculated by dividing weight gain (g/d) by the average weight for the study period.
Acid-base status and serum urea, total protein and albumin were analysed using routine laboratory methods. Transferrin was measured by immunoturbidimetry using the Tina-quant Transferrin Kit (Roche N°1 931 628, Switzerland) (11) . RBP was measured by immunoturbidimetry using a rabbit anti-human retinol-binding protein (12) with N Protein Standard SL (human) used as the calibrator (Dade Behring, Germany). Determinations were made using a BM/Hitachi 917 Analyzer (Roche, Switzerland). Plasma amino acids were determined as described by Bachmann & Haschke-Becher (13).
Data were analyzed on an intention to treat basis using a linear mixed model to test for differences due to treatment corrected for period (fixed effect) and infant (random effect). The effect of sex on weight gain was determined by t-test. Analyses were performed using SAS Software (version 8.0), and results were considered significant at p Ͻ 0.05.
RESULTS
Results are presented as mean Ϯ 1 SD. Eighteen infants (girls ϭ 9, boys ϭ 9) were studied to completion, 16 in Newcastle and 2 in Liege. Birthweight and gestational age were 1226 Ϯ 204 g and 29.5 Ϯ 1.5 w. Infants were enrolled at 22 Ϯ 9d of age, weighing 1471 Ϯ 225 g. None of the infants received supplemental oxygen or medications during the study.
Nine infants were fed the RegPro and nine infants were fed the HiPro formula first. Subject characteristics are presented 266 by study sequence in Table 4 . Birth weight and gestational age were less in infants fed the RegPro formula first (p Ͻ 0.05). These infants were also older when the first and second balances were performed. However, no differences were noted in corrected age or body weight between the sequences when the balances were performed. Thirty-six balances were performed, two in each infant. Nitrogen absorption and retention were a linear function of intake (p Ͻ 0.001; Fig. 1 ). The paired nitrogen results are presented in Fig. 2 . Nitrogen absorption and retention were quite consistent for all but one infant. A summary of the results is presented in Table 5 .
The remaining balance results are also presented in Table 6 . Fat intake was similar but fecal excretion was less and absorption was greater with the HiPro formula (p Ͻ 0.05). No significant differences were detected in calcium or phosphorus intakes, absorption and retention between the formulas. Although infants consumed more magnesium and less zinc no differences were detected in magnesium or zinc absorption or retention between the formulas. Copper intake and absorption were somewhat greater with the RegPro formula (p Ͻ 0.05).
None of the infants developed uremia (blood urea Ն 7.0 mmol) during the study. Blood urea was a linear function of nitrogen intake (y ϭ Ϫ3.2 ϩ 0.01x, r 2 ϭ 0.41, p Ͻ 0.0001; Fig. 3 ) and absorption (y ϭ Ϫ2.6 ϩ 0.01x, r 2 ϭ 0.50, p Ͻ 0.0001; Fig. 3 ) and was greater with the HiPro formula (3.5 Ϯ 1.3 Ͼ 2.1 Ϯ 0.8 mmol, p Ͻ 0.001). None of the infants developed a metabolic acidosis (base deficit Ն Ϫ8.0) (14) . No relationship was detected between nitrogen intake and base deficit (Fig. 3 ) and no differences were noted in base excess (1.6 Ϯ 1.5 v 1.1 Ϯ 2.1 mM) between the formulas.
No differences were detected in total serum protein (44 Ϯ The main PAA results are presented in Table 5 and compared with umbilical cord blood reference values (15) . Total essential amino acids (sum of lysine, valine, phenylalanine, methionine, tryptophan, threonine, histidine, leucine, isoleucine) were greater in infants fed the HiPro formula (p Ͻ 0.05) but were less than the cord reference value. Concentrations of valine (p Ͻ 0.001) and lysine (p Ͻ 0.01) concentrations were significantly higher with HiPro but were still less than cord reference values. No differences were detected in plasma threonine between the formulas, but concentrations were somewhat greater than the cord reference.
Total nonessential amino-acids levels (sum of alanine, arginine, asparigine, citrulline, cysteine, glutamate, glutamine, glycine, ornithine, proline, serine, taurine, tyrosine) were greater with the HiPro formula (p ϭ 0.01) but were still less than cord values. Increased asparagine, glutamine, proline, citrulline, tyrosine, and ornithine levels (p Ͻ 0.05) were noted with the HiPro formula. No significant relationships were detected between total essential or total nonessential amino acid concentrations and weight gain.
DISCUSSION
Protein accretion as determined by nitrogen balance was greater with the HiPro formula. Weight gain was also greater with the HiPro formula. None of the infants developed uremia or metabolic acidosis, and no differences were detected in acid-base status between the formulas. These data support the hypothesis that a formula with protein content of 3.6 g/100 kcal more closely meets requirements than a formula with a protein content of 3.0 g/100 kcal. 
PROTEIN-ENERGY NEEDS OF PRE-TERM INFANTS
Estimates of protein requirements are based on needs for maintenance and normal growth. However, it also takes time to establish adequate protein intakes in the VLBWI (1,2,16 ). In one study, infants had accrued a net protein deficit of 18 g/kg by 2 w of age; i.e., summed difference between recommended and achieved intake for the 2 w period (2). To recover this deficit before hospital discharge at ϳ7w of age, recommended daily protein intake would need to have been increased by 0.5 g/kg/d. In the present study, the deficit was 10 g/kg. To recoup this before hospital discharge, recommended protein intake would need to have increased by 0.4 g/kg.
At the average protein intake of 4.6 g/kg/d, the protein accretion based on nitrogen retention was 3.2 g/kg/d. Assuming that requirements for normal growth are 2.5 g/kg/d (3) then 0.7 g/kg/d was available for "catch-up." Because of a tendency to overestimate intake and underestimate losses during the balance procedure (17-19) 0.7 g is probably an overestimate. Nonetheless, it was paralleled by a growth rate (35 g/d) which exceeded that in utero (25-30 g/d), suggesting that intake was meeting needs for 'catch-up' as well as normal growth. The lack of evidence of metabolic stress also supports the idea that the extra intake of protein provided by formula HiPro was used for growth.
Increased weight gain was noted in both sexes fed the HiPro formula. However, gain tended to be greater in boys than girls (mean difference ϭ 10 g/d). This also is not surprising. Fetal growth rates are greater in boys than girls during the last trimester (20) . Post-natally, pre-term infant boys grow faster and accrete more lean mass than pre-term girls (21) . Pre-term boys fed a protein-enriched formula also grow faster and accrete more lean mass than girls fed the same formula (22) . If boys are programmed to grow faster and intake better met requirements then gain would also tend to be greater. In adults, urea production and blood urea levels increase with protein intake (23) . Because of limited urea synthetic capacity (24 -26) , blood urea has not been considered a valid measure of protein intake in pre-term infants (27) . In this study, urea increased linearly with protein intake and absorption, with variation in intake and absorption accounting for 42 and 50% of the variation in blood urea. At the same time, neither gestational age, post-natal age or postconceptional age had any significant effect on blood urea. These data indicate that blood urea is a valid measure of protein intake, an important consideration when fine-tuning intake to meet needs in this heterogeneous group of infants (28) .
Pre-term infants fed mature human milk have lower PAA and grow more poorly than infants fed fortified human milk (29 -34) . In this study, infants fed the RegPro formula had lower PAA and grew more poorly than those fed the HiPro formula. A tenuous link appears to exist between lower protein intakes, lower PAA and poorer growth in the pre-term infant.
However, PAA in infants fed the HiPro formula were still less than cord reference values (15) . Does this mean that protein intake was still inadequate? Perhaps, PAA may not be a valid measure of protein status in these infants? The answers are unclear. What is clear is that PAA profiles noted with the HiPro formula were generally less than cord reference values, not associated with signs of metabolic stress or failure to thrive but better growth, suggesting that they are at least safe if not advantageous in these high-risk infants.
For all EAA, values were less than the cord reference. One exception was threonine, where values did not differ between the HiPro and RegPro formulas but were greater than the reference value (Table 5 ). This is not surprising with a whey hydrolysate formula. However, the differences were small and unlikely to be clinically relevant. For the NEAA, minor differences were noted between the two study formulas. Tyrosine values were greater with HiPro than the RegPro formula or the reference value. This also is not surprising because pre-term infants have limited capacity to degrade tyrosine (35) . Yet, levels were still similar to our previous observations in the enterally-fed pre-term infant (4) .
The findings of this study are important. It has been suggested that the nutrient value of a protein hydrolysate is not equivalent to the native protein in that it is associated with poorer protein absorption and retention and poorer growth than with the native whey proteins (36) . In the present study, protein absorption and retention rates were at least similar and tended to be greater than our previously published values with unhydrolyzed whey predominant pre-term infant formulas (4) .
Controversy exists about the protein-to-energy content of pre-term infant formulas. Micheli noted a linear relationship between intake and absorption when intake varied from 2-4 g/kg/d and suggested an upper limit of 4.0 g/kg/d or 3.3 g/100 kcal (37) . Based upon a series of elegant studies in which protein:energy ratios were systematically varied, Kashyap, Heird et al. suggested an upper limit of 4.5 g/kg/d or 3.75 g/100 kcal (38) . More recently, the same group were unable to demonstrate any advantage in lean mass accretion in infants 2.6 or 3.2 g/100 (39) . In this parallel study, the sample size was small (n ϭ 8, n ϭ 7/gp) and negative findings are somewhat difficult to interpret.
In a comprehensive review, an Expert Panel recently recommended an upper limit of 4.5 g/kg/d or 3.6 g/100 kcal (27) . In the present study, a linear relationship was noted between intake and absorption/retention when intake varied from 3.4 to 5.2 g/kg/d with no infants developing uremia or metabolic acidosis. These data are the first to suggest that a protein to energy ratio of 3.6 g/100 kcal is not only well tolerated but 
may, in some instances, more closely meets requirements in these rapidly growing and nutritionally-deprived infants.
Nonetheless, our findings have important limitations. The sample size was small. Extrapolation to a larger patient population is, therefore, difficult. The duration of intervention, one week, was also short. It is unclear how long-term feeding of the HiPro formula may affect metabolic status and growth in these high-risk infants. It is equally unclear how long such a formula should be fed. A longer term randomised controlledtrial is therefore needed to address these issues.
